Introduction
Pepper (Capsicum spp.) fruits are one of the most important vegetables in the human diet. Generative propagation is used for the cultivation of this plant. Commodity production, especially under climate conditions different from those where the pepper originated from, requires preparation of the seedlings under greenhouse conditions. Pepper seeds characteristically have short viability and can rapidly loose germination capacity. During seedling production, plants do not always grow evenly and often become infected by pathogens, which results in lack of uniformity and insufficient quality. Additionally, certain genetic variations, characteristic of the biology of the plant, can occur during the reproduction of the sowing material and may cause some deviations from the cultivar standard. The possibility of vegetative in vitro mass propagation of pepper can overcome the difficulties listed above, providing an unlimited number of entirely homogeneous, healthy in vitro plantlets, independently of season (Song et al., 2010; Otroshy et al., 2011) . According to Dabauza and Peña (2001) , pepper micropropagation is a unique tool that is very convenient for maintaining the genetic homogeneity of the elite plant materials, as well as for preserving heterozygous genotypes and genetically transformed forms. Additionally, the discussed method facilitates the gathering and management of pepper germplasm collections. The availability of infallible methods of regeneration is indispensable for the improvement of plants through modern genetic engineering techniques (Binzel et al., 1996) .
The first report on plant regeneration in the tissue culture of annual pepper (Capsicum annuum L.) was published over 3 decades ago by Gunay and Rao in 1978 (in Phillips and Hubstenberger, 1985) . The numerous experiments that followed demonstrated that the effectiveness of plant micropropagation in different species of pepper (Capsicum spp.) varies depending on the plant genotype, the type of initial explant, and the factors and conditions of in vitro cultures (Phillips and Hubstenberger, 1985; Rajam, 1994, 1996; Dabauza and Peña, 2001) . In consequence, effective methods have been developed for specific cultivars that recommend necessary modifications for particular genotypes (Dabauza and Peña, 2001 ). In general, it was found that both 6-benzylaminopurine (BA) and indole acetic acid (IAA) are effective growth regulators in the first stage of organogenesis induction (Phillips and Hubstenberger, 1985; Rajam, 1994, 1996; Gatz, 2002b; Paz and Castañeda, 2004;  Abstract: This study evaluates the effectiveness of in vitro regeneration of 4 genotypes of pepper (Capsicum spp.) that differ in origin and functional properties: California Wonder, (ATZ × Sono)F 1 , Jalapeno, and SF-9. In order to investigate the effect of the initial explant type, photoperiod, and presence of 2.0 mg L -1 of glycine in the medium, organogenesis was induced on the MS medium with 2.0 g L -1
2-(N-morpholine) ethanesulfonic acid, 1.7 mg L -1 AgNO 3 , 0.4 mg L -1 indole-3-acetic acid (IAA), and 6.0 mg L -1 6-benzyladenine. The effectiveness of organogenesis in the 3 genotypes representing C. annuum L. was similar and considerably lower for line SF9 derived from an interspecific hybrid (C. frutescens L. × C. annuum L.). The highest number of adventitious leaves was recorded in the decapitated seedlings exposed to continuous light. The lack of glycine in the medium favored direct organogenesis. A simultaneous formation of adventitious leaves with a stable number of chromosomes and mixoploid callus tissue was determined by flow cytometry. The successive stage of foliaged shoots and roots formation was most effective in the MS medium with 1.1 mg L -1 IAA. The use of these optimal conditions resulted in developing 42%-56% of properly formed diploid plantlets, successfully acclimatized in 86%-97%. Qin et al., 2005; Sanatombi and Sharma, 2007) . The second stage, elongation, during which leafy shoots are formed, is the critical phase in pepper in vitro cultures, causing unsatisfactory propagation coefficients and precluding the opportunity of application of this technology on a production scale (Ochoa-Alejo and Ireta-Moreno, 1990; Valera-Montero and Ochoa-Alejo, 1992; Frank-Duchenne et al., 1998; Husain et al., 1999; Gatz, 2002b; Joshi and Kothari, 2007) . The shoot differentiation generally happens in rooting cultures or additional cultures stimulating elongation, and sometimes simply during acclimatization (Phillips and Hubstenberger, 1985; Arrollo and Revilla, 1991; Ebida and Hu, 1993; Franck-Duchenne et al., 1998; Dabauza and Peña, 2001; Gatz, 2002b; Song et al., 2010) .
The present research involves cotyledon, hypocotyl, apex, and decapitated seedling explants. It was undertaken to determine the regeneration potential of the chosen genotypes and to develop efficient in vitro plant regeneration protocols for pepper cultivars, which differ in origin and usable features. The influence of a 16/8-h photoperiod or continuous light and the presence or absence of 2.0 mg L -1 of glycine in a medium were evaluated during the organogenesis induction stage. Afterwards, the usefulness of 6 different modifications of MS basal medium components for shoot elongation and rooting were examined.
Materials and methods

Plant material
The research material involved 4 Capsicum spp. genotypes. Two sweet-fruited forms were used: the California Wonder cultivar and an F 1 hybrid, obtained as a result of a crossing between the registered breeding line ATZ and the Sono cultivar. Additionally, the research included the pungent Jalapeno cultivar and soft-flesh, capsaicinoid line SF9, selected from the progeny of interspecific hybrid C. frutescens L. × C. annuum L. The SF9 line was originally bred as the component of the hybrid F 1 used for the production of capsaicinoid nutraceutics. The Jalapeno seeds were obtained from the Asian Vegetable Research and Development Centre (Shanhua, Taiwan). The research material of the other 3 genotypes was obtained from the pepper germplasm collection of the Department of Genetics, Physiology, and Plant Biotechnology, University of Technology and Life Sciences in Bydgoszcz, Poland.
Sterilization and initial explants preparation
In order to obtain sterile explants, the seeds were first rinsed in water containing Tween 20. They were then rinsed in running water, followed by rinsing with 70% ethanol. They were shaken for 10 min in a 5% solution of sodium hypochlorite (NaOCl) and were finally rinsed 3 times in sterile distilled water. Sterile seeds were placed on petri dishes with filter paper soaked in sterile distilled water. They were kept in the growth room at 25 °C with a 16-h photoperiod, exposed to light intensity of 45 µmol m -2 s -1 (about 3300 lx). After 1 week, the germinated seeds were transferred to 380-mL jars containing 50 mL of MS medium (Murashige and Skoog, 1962) (pH 5.8) and supplemented with 20 g L -1 of saccharose and 7 g L -1 of agar. The obtained cultures were maintained in the same temperature and light conditions. All media and liquids in the experiment were autoclaved at 121 °C and 1.2 kg cm -2 pressure for 20 min.
All 4 types of analyzed explants, namely cotyledons, hypocotyls, apices, and seedlings with a severed apex (decapitated seedlings), were taken from 2-week-old seedlings. The cotyledons were placed onto medium with the adaxial or the abaxial side of the lamina facing the medium. The hypocotyls were cut into approximately 2-cm fragments and placed horizontally on the medium. The 3-4-mm-long apices were placed vertically. The decapitated seedlings were placed on the medium with the hypocotyls facing down, deepening at the place of the cut-off of the apex. All the initial cultures consisted of 4 or 5 explants of a given type, except for the decapitated seedlings, which were placed on the medium individually. of agar was used in the experiments. The composition of vitamins based on the research of Kintzios et al. (2001) included 100.0 mg L -1 meso-inositol, 0.5 mg L -1 thiamine HCl, 0.5 mg L -1 pyridoxine HCl, and 0.1 mg L -1 nicotinic acid. A research factor, 2.0 mg L -1 glycine, was added (medium a 1 ) or its presence was omitted (medium a 2 ) in the media. The cultures were maintained in the growth chamber at 25 ± 2 °C and 45 µmol m -2 s -1 light under 2 photoperiods: 24 h of light or 16 h of light per day. The sample from each combination of factors (explant type, presence or lack of glycine, and length of photoperiod) consisted of 5 or 6 culture jars of 380 mL in volume with 80 mL of the medium.
Organogenesis induction
The cultures were evaluated after 5 weeks of experiments. The number of emerging adventitious leaves per explant was calculated and the presence of callus was determined. Three kinds of reactions of the initial explants were defined: simultaneous development of adventitious leaves and callus tissue, exclusive formation of leaves, and formation of callus only.
Rooting and growth
The obtained clusters of adventitious leaves were aseptically divided into fragments of 3-6 leaves with a base diameter of up to 3 mm and were transferred onto rooting medium (basal MS salts with 30 g L -1 saccharose, 7 g L -1 agar; pH 5.8). The effectiveness of the 4 factors recommended for that stage of organogenesis was estimated for all the investigated cultivars. We added 1.1 mg L -1 IAA (Joshi and Kothari, 2007) for medium Ua, 0.5 mg L -1 indole-3-butyric acid (IBA) (Sanatombi and Sharma, 2007) for medium Ub, and 3 mg L -1 BA and 2 mg L -1 2,4-dichlorophenoxyacetic acid (2,4-D) (Kintzios et al., 2001 ) for medium Uc, as well as using a 50% dilution of MS medium (except for agar) (Kumar et al., 2007) for medium ½MS. The effectiveness of rooting was also verified after applying the method of pouring auxin on the growth regulator-free medium. In particular, 5 mL of IBA solution at a concentration of 0.5 mg L -1 was poured onto the surface of solidified MS medium for medium MS+b or onto its 50% dilution for ½MS+b. The cultures were maintained in the growth chamber under the same conditions as before with a 16/8 photoperiod. The sample from each variety and medium factor consisted of 10-15 culture jars of 380 mL in volume with 80 mL of the medium and 4 or 5 explants. The number of developed and rooted plants was defined after 5 weeks.
Acclimatization
About 30 plants of each of the 4 tested genotypes that had formed primary roots in vitro were acclimatized under greenhouse conditions. After removing the residue of the medium from the roots, the plants taken out from the jars and were transplanted into multipots with conical cells (5 × 5 cm in size) filled with mineral-and-peat substrate mixed with sand at a ratio of 10:1. A frame of metal bars was placed over the plants, all of which were covered with foil with a dense perforation of 1.5 mm in diameter. During the first week of acclimatization, 3 sprayings were made every 2 days with a solution of 0.25 g L -1 of fungicide Kaptan 50 WP. After 1 week, the tent covering was replaced with foil with 5 mm-mesh perforations. From the beginning of the third week the tent walls were gradually exposed. The number of effectively acclimatized and welldeveloping plants was evaluated after 4 weeks, when the plants were transplanted into pots of 9 cm in diameter filled with mineral-and-peat substrate. Four weeks later they were directly replanted into greenhouse growing benches that were filled with soil.
Flow cytometry
The cytometric analysis involved the plant material taken at the end of the organogenesis induction stage from the respective explant types, demonstrating each of the 3 kinds of reactions observed (simultaneous development of adventitious leaves and callus tissue, exclusive formation of leaves, and formation of callus only), as well as developed and rooted plantlets sampled prior to acclimatization. Five specimens were gathered from each genotype and factor combination. The samples for analysis were prepared from approximately 5 mm 2 of plant material, according to the procedure developed by Galbraith et al. (1983) with slight modifications. The nuclei were isolated in buffer (100 mM Tris, 2.5 mM MgCl 2 ·6H 2 O, 85 mM NaCl, 0.1% Triton X-100, pH 7.0) containing 4' ,6-diamidino-2-phenylindole (DAPI) fluorochrome stain (2 µg m L -1 ), following the method of Śliwińska (2003) . The ploidy level of the samples was analyzed with the flow cytometer Partec CCA (Münster, Germany) equipped with a UV lamp. For each sample, the intensity of fluorescence of about 3000-5000 cell nuclei was measured. The external standard consisted of a young leaf of a diploid plant of pepper cultivar California Wonder, maintained in vivo. The results were collected in the form of histograms and analyzed with Partec DPAC V.2.2 software.
Data analysis
The obtained results were transformed into percentage shares or verified statistically using Statistica software (ANOVA/MANOVA module for the Tukey test at P = 95% for unequal sample sizes).
Results and discussion
The pattern of pepper regeneration stages observed in our study was typical for the species, similar to observations made previously by Gatz (2002a Gatz ( , 2002b , Qin et al. (2005) , and Joshi and Kothari (2007) . The clusters of sessile leaves were formed during the induction of organogenesis, while the formation of rooted, properly foliaged shoots with the apex was induced only after transferring the explants onto the successive medium. Adventitious leaves developed mostly on the cotyledon petioles, where there were cuts in plant tissue or accidental injury of the initial explant while placing it in the medium (Figure 1) . The organogenesis on the surface of the cuts is observed in pepper irrespective of the growth regulators applied (Dabauza and Peña, 2001; Gatz, 2002a; Joshi and Kothari, 2007; Otroshy et al., 2011) .
The average number of adventitious leaves formed on various initial explants, depending on the medium type and the photoperiod, is given in Table 1 . The results of the homogeneous group with the statistically highest values as identified by the Tukey test are marked in bold. In general, the best results in the experiment were obtained from the hybrid (ATZ × Sono)F 1 , as the highest values were mostly observed in that group (5 cases out of 12). The highest number of adventitious leaves for all the genotypes was recorded on the decapitated seedlings exposed to continuous light. As for the California Wonder and Jalapeno cultivars, the highest number occurred when the medium did not contain glycine (medium a 2 ), while in hybrid (ATZ × Sono)F 1 and line SF9 it occurred in the presence of 2.0 mg L -1 glycine (medium a 1 ). However, no significant differences were noted between the effectiveness of the reaction of decapitated seedlings, apices, and cotyledons placed with the abaxial side facing the medium. The highest number of adventitious leaves on Figure 1 . Development of adventitious leaves on the Capsicum spp. initial explants. A-cotyledons placed onto the medium with the adaxial side of the lamina, B-cotyledons placed onto the medium with the abaxial side of the lamina, C-about 2-cm fragments of hypocotyls, D-apices, E-decapitated seedlings, F-development of adventitious leaves on the cotyledon petiole inside medium, and G-adventitious leaves developing concentrically on the transverse cut of the shoot inside the medium. decapitated seedling explants was revealed by the statistical analysis of this factor regardless of other grouping variables (Table 2) . Cotyledons placed with the adaxial side of the lamina onto the medium and the fragments of hypocotyls produced the lowest number of adventitious leaves, and in the case of line SF9 no organogenesis was observed on these explants when glycine was present in the medium. Kintzios et al. (2001) claimed that the elimination of glycine from the vitamins in MS medium is advantageous for the effectiveness of the callogenesis and somatic embryogenesis in pepper. The results of these studies indicate that the lack of glycine in the medium also favors direct organogenesis in tested sweet and pungent cultivars. In the case of the soft-flesh form (line SF-9), the elimination of glycine from the composition of the medium increased the likelihood of receiving a positive response from all types of initial explants. Although the presence of glycine in the medium for line SF-9 led to the best results in decapitated seedling explants, adventitious leaves did not develop at all in hypocotyls.
In this research, individual results were higher under conditions of continuous lighting in comparison to the photoperiod of 16/8 h. Results were recorded for different types of explants, varieties, and medium with or without glycine ( Table 1) . The significantly higher importance of this factor was clearly revealed in its analysis, independently from other grouping variables (Table 2) . A favorable effect of continuous light was also reported by Phillips and Hubstenberger (1985) and Kumar et al. (2007) . Similarly to our study, these authors applied combinations of BA and IAA as the stimulators of organogenesis in pepper.
The tendencies in the development of adventitious leaves influenced by the factors evaluated in the experiment, irrespective of one another and of the cultivars, are given in Table 3 . The mean for all the factors recorded in the experiment is 24.6 adventitious leaves per explant during the induction of organogenesis. Other research has rarely reported on numerical records for this stage, but usually they are evaluated as a percentage of reacting explants. Joshi and Kothari (2007) , investigating the importance of the concentration of copper in MS medium supplemented with BA and phenyl acetic acid, reported 7-41 adventitious leaves on cotyledons placed onto medium with the adaxial side facing down. The means for those explants in our experiment ranged between 0 and 31.3 (Table 1 ).
All the initial explants reacted to the induction factors in the first stage of regeneration by developing adventitious leaves, callus tissue, or both in a single explant. The efficiency of each type of explant response differed among the tested genotypes (Table 3) . Cotyledons placed with the adaxial side facing the medium never developed adventitious leaves only, similar to hypocotyls, except for Jalapeno. The leaves and calli were simultaneously formed on all the decapitated seedlings of California Wonder and hybrid (ATZ × Sono)F 1 . The exclusive development of leaves was observed mostly for the apices in Jalapeno (78.9%), while the growth of callus tissue only was observed on the hypocotyls of line SF9 (83.9%). Analyzing separately the percentage breakdowns of various reactions of the investigated genotypes for the length of photoperiod and the presence of glycine in the medium, it was found Initial explant type: cad -cotyledons placed adaxial side on the medium, cab -cotyledons placed abaxial side on the medium, h -2-cm fragments of hypocotyls, a -apices, s -decapitated seedlings.
that, independently of the tested combination of these factors, approximately 61% of the explants formed adventitious leaves and a callus, 12% developed leaves only, and 27% produced callus tissue only (data not presented). These 2 factors, therefore, showed no significant effect on the reaction of the initial explants. A simultaneous formation of adventitious leaves and callus tissue during pepper in vitro cultures was described by Phillips and Hubstenberger (1985) , Rodeva et al. (2006) , Otroshy et al. (2011), and Song et al. (2010) . Phillips and Hubstenberger (1985) as well as Qin et al. (2005) proved that callus cells do not differentiate as a response to various organogenesisinducing factors, including the effects of BA with IAA, analyzed in this paper. It is interesting to ask whether the elimination of callogenesis would increase the number and the quality of developing leaves and whether the presence of calli can affect the development of plantlets at the successive stage of in vitro regeneration. The presence of calli could create a risk of undesirable somaclonal variation. The first preliminary report of a regenerable callus system for a Capsicum species was presented by Berljak in 1999 (in Ochoa-Alejo and Ramirez-Malagon, 2001) . In that trial, plants regenerated from callus cultures grown ex vitro showed differences in their morphological and physiological traits. (Figure 2) . Surprisingly, the process was observed to be most effective for line SF9, for which the previous stage provided the poorest results (Table 1) . The Uc medium containing 3 mg L -1 BA and 2 mg L -1 2,4-D, developed by Kintzios et al. (2001) and reported as effective in the conversion of somatic embryos, triggered neither rhizogenesis nor any other response by the explants in our study; it allowed only for the stable maintenance of their viability. Additionally, the effectiveness observed in the media enriched with 0.5 mg L -1 IBA (Ub, MS+b, and ½MS+b) was noticeably low, although according to the literature this auxin at the mentioned concentration should result in the rooting efficiency accounting for 80%-100% of the plantlets (Dabauza and Peña, 2001; Sanatombi and Sharma, 2007) . In rooting cultures of all varieties (except those with Uc medium), several cases of rhizogenesis were noted without the formation of leafy shoots. These observations have not been taken into account in determining the effectiveness of rooting shown in Table 4 . The leaf clusters with several adventitious roots were also acclimatized. Nearly 60% formed a leafy shoot and developed into a normal plant (data not presented).
The survival rate of the plantlets at the acclimatization stage was very similar to that presented in the literature, ranging from 85 to 95% (Christopher and Rajam, 1994; Dabauza and Peña, 2001; Qin et al., 2005; Kumar et al., 2007; Sanatombi and Sharma, 2007) . The acclimatization to conditions post vitro was most difficult for the plantlets of the hybrid (ATZ × Sono)F 1 and most successful for line SF-9 (data not presented). Reports on the phenotypic stability of pepper plants post vitro are often based on the observations of growth, flowering, and yielding (Dabauza and Peña, 2001; Qin et al., 2005; Kumar et al., 2007; Sanatombi and Sharma, 2007) . The cytometric analyses performed in this study independently at 2 separate stages first evaluated the ploidy level of the obtained adventitious leaves and callus tissue and then allowed us to assess the fully developed and rooted in vitro plantlets. In the samples collected from the callus clusters, the presence of cells containing 2, 4, 8, and even 16C DNA was noted, while the material derived from plant organs did not present any deviation from the diploid set of chromosomes. The histograms of cytometric readings of the ploidy of the leaf and callus samples are given in Figure 3 . The possible detection of mixoploid callus poses a threat for the genotype stability of the multipropagated plants; however, as mentioned above, no organogenic potential of callus cells under these in vitro conditions has been found for pepper (Phillips and Hubstenberger, 1985; Qin et al., 2005) . With this consideration, we conclude that the method of pepper regeneration via in vitro cultures presented here ensures stability of chromosome numbers in the obtained regenerants.
In conclusion, the investigated pepper genotypes of various origin and functional characters have facilitated the definition of a range of genotypic responses to the in vitro regeneration conditions in the Capsicum genus. The highest number of adventitious leaves was recorded for the decapitated seedlings exposed to continuous light for all the genotypes. The lack of glycine in the medium favored direct organogenesis. The effectiveness of organogenesis in the 3 genotypes representing C. annuum L. was similar and did not depend on the application of culture modifications nor on morphological and physiological variations among these pepper forms. A considerably lower efficiency of organogenesis was noted for line SF9, derived from an interspecific hybrid (C. frutescens L. × C. annuum L.). The formation of the above-and underground parts of plantlets was satisfactory on the MS medium supplemented with 1.1 mg L -1 IAA. The processes of elongation and rooting proceeded best in the case of line SF-9, unlike the first stage. The cytometric analyses confirmed the genetic stability of the regenerants produced by applying the presented in vitro regeneration methodology. 
